An attempt has been made to characterise fracture and high cycle fatigue behaviour and to study the effect of microstructure on fatigue crack growth (FCG) and fracture toughness of AISI 403 material at room temperature. Fracture toughness evaluation of as received end fitting material in J-integral format showed large scatter which was thickness dependent. A considerable improvement in toughness, compared to as received material, resulted by imparting a double quench and tempering treatment (DQT). The toughness of DQT material was thickness independent and showed no scatter. The scatter in room temperature toughness value of as received material results from the fact that ductile to brittle transition temperature is in the vicinity of room temperature. The toughness improvement by DQT treatment appears to result from refinement of microstructure as well as from a change in carbide morphology compared to that of as received material. While thickness and microstructure had no influence on stage II fatigue crack growth (FCG) behaviour, the stage I FCG has been found sensitive to microstructure change.
L INTRODUCTION
The AISI 403 (12% Cr) stainless steel has been widely used as end fitting material for Indian Pressurized Heavy Water Reactor (IPHWR) systems III. These end fittings are attached to each end of the zirconium alloy pressure tubes by a multigroove expanded joint. The pressure tube along with the end fittings are primary containment for heavy water housed within III. The end fitting operates at temperatures varying from 260° to 315°C and at a pressure of 10 MPa 121. In addition to these, end fittings are exposed to neutron fluxes and high temperature heavy waters which produces deuterium by corrosion reaction. AISI 403 steel has been chosen primarily for its excellent elevated temperature corrosion resistance, good radiation stability and matching coefficient of thermal expansion with zirconium base alloys to give a leak tight joint 111. While this steel in quenched and tempered condition appears to have met all the functional requirements of an end fitting, its major disadvantages are a low toughness value and a relatively high ductile to brittle transition temperature (DBTT) which is near ambient 111. Further it has been seen that exposure to high neutron flux can result in an increase in DBTT and a lowering of toughness /3,4/. The extent of this degradation of properties depends on the duration of exposure. It is therefore expected that the functional capabilities of the end fitting will be reduced progressively. In order to ensure the safety of such components, it is desirable to use a material with higher initial toughness and lower DBTT on the one hand and to perform a detailed fracture safety analysis on the other.
A detailed fracture safety analysis would require basic information in areas of material properties, stress analysis, fracture characterisation and flaw tolerance 151. In order to use the material's fatigue and fracture characteristics determined in the laboratory for safety analysis of different structures, these characteristics are to be independent of specimen size. The high cycle fatigue behaviour of this material has been studied earlier and flaw tolerance has been analysed using the Paris law 161. The data used for the above analysis were from a single sample size and over a limited stress intensity range which is rather higher than that encountered in the actual components.
As regards the studies on characterisation of fracture, it is observed that the majority of investigators have employed a DBTT approach based on energy measured by impact tests 12,Al. This information, however, cannot be used directly for safety analysis 151.
It has been seen that fracture behaviour of quenched and tempered steels depends strongly on microstructure and particularly on carbide morphology /7-11/. As this steel is used in quenched and tempered condition, it is expected that microstructure (and carbide morphology) will play a significant role in controlling fracture toughness. An attempt has been made earlier to improve the toughness of this material by microstructural modification 111, but no attempt has been made to characterise the fatigue and fracture behaviour using fracture mechanics principles. Further studies are therefore needed in the following areas:
1. Characterisation of fatigue and fracture behaviour in present end fitting material. 2. Understanding the effect of microstructure on fatigue and fracture behaviour of AISI 403 for improving fatigue resistance and fracture toughness.
This investigation forms part of an extensive research programme taken up primarily to improve fracture toughness by microstructural modification and microalloying and to characterise fatigue and fracture behaviour over a range of temperatures of AISI 403 material. It was felt that such an investigation would provide valuable information regarding the effect of microstructure on fatigue and fracture behaviour and also generate a database of material properties which would be an important input to fail safe analysis. The present study deals with the improvement of fracture toughness by microstructural modification and characterisation of fatigue and fracture behaviour of AISI 403 at room temperature. Besides, the effect of specimen thickness on fatigue crack growth rate and fracture toughness will be studied as thickness may modify triaxial constraint at the crack tip to influence both fracture initiation and fatigue crack propagation.
EXPERIMENTAL

Material and Heat Treatment
The material, AISI 403, used in the present study was received in the form of solid forged blocks which were oil quenched from 910°C and tempered at 610°C for 4 hrs. The chemical composition of as received blocks is given in Table I . Henceforth, the as received material will be designated as QT material. A part of these blocks were further heat treated. The heat treatment consisted of austenitising for 40 mins at 1030°C followed by oil quenching. Subsequently the quenched blocks were heated rapidly to 850°C, soaked for 30 mins and quenched in oil. Finally, the quenched blocks were tempered at 610° to 620°C for 4 hrs. The double quenched material will be designated as DQT material. The hardness of DQT material was in the range of 235 to 250 VPN which was comparable to that obtained with QT material. 
Microstructural Study
The microstructural examination of QT and DQT material was carried out by an optical microscope as per standard metallographic technique. In addition transmission electron microscopy was employed to delineate microstructural details such as morphology of quenched structure and size, shape and distribution of carbide particles.
Tensile and Impact Tests
The transversely oriented cylindrical tensile sample (with gauge length of 25 mm and diameter 6 mm) and standard charpy impact test specimens (10 mm χ 10 mm χ 55 mm) have been machined from the blocks of QT and DQT material. Tensile tests were carried out in a screw driven machine at room temperature using a strain rate of 10" 4 sec' 1 .
The charpy impact specimens were tested in the temperature range of 200 Κ to 525 Κ to determine the impact energy curve as per ASTM Ε 23 test procedure.
Fatigue and Fracture Toughness Testing
High cycle fatigue and fracture toughness tests were carried out in a servo hydraulic testing machine at room temperature using ASTM recommended standard compact tension samples of thicknesses 12.5 mm, 25 mm and 50 mm and of width 25 mm. For fatigue testing, samples were precracked using a sinusoidal load cycle at a frequency of 30 Hz and a load ratio of 0.1. A stress intensity range of 12-15 MPaVm was used for precracking. The growth of crack was monitored as a function of number of cycles elapsed using both travelling microscope and compliance measurements. All fatigue tests performed were in accordance with ASTM standard Ε 647-88a. Load shedding, constant load and increasing load techniques were employed to establish various portions of fatigue crack growth curve. Fatigue precracking was continued till the ratio of crack length (a) to width (w), a/w, attained a value of 0.45 to 0.5 (for K IC tests) and 0.6 to 0.7 (for J integral tests). These samples were then tested for fracture toughness measurement in accordance with Ε 399 and Ε 813-81 of ASTM standards for K rc and J IC determinations respectively.
The test data, crack length versus elapsed cycles, were reduced by secant method to obtain the fatigue crack growth rate da/dN as a function of the corresponding stress intensity factors range, ΔΚ. The value of ΔΚ was calculated using the expression
f(a/w) specimen, W is the width and a is the crack length. The geometric corrosion factor f(a/w) was calculated using the expression /12/ f(a/w) = Computed J-values were then plotted against crack extension, Aa, to obtain J-R curve. J rc was determined as per the method described in the ASTM Ε 813-81 standard. K IC test was performed only on 50 mm thick samples of QT material and computational methodology as described in ASTM Ε 399 was employed.
Fractography
The fracture surface morphology of impact, fatigue and fracture toughness tested samples was examined using standard techniques of fractographic analysis using a scanning electron microscope.
RESULTS AND DISCUSSION
Microstructure
The microstructures produced by two heat the grain structure of as received material (QT). However, difficulties in distinguishing austenite grain boundaries prevented precise measurements of prior austenite grain size for the purpose of comparison. The transmission electron micrograph (TEM) of Fig. 2 clearly reveals that martensite produced is of lath type and contains a high density of dislocation within them ( Fig. 2(a) ). The shape, size and distribution of carbides produced by tempering treatments in QT and DQT material are shown in Fig. 2 (b) and 2(c) respectively. In QT structure, the carbides are primarily of lenticular 50 jum shape and are located at prior austenite grain boundaries, packet boundaries and also at lath boundaries. In DQT structure the carbides appear to be of lower aspect ratios (tending towards spheroids) than QT structure and are homogeneously distributed. A rough estimate of average carbide sizes and spacings showed that DQT treatment resulted in larger carbide particles with wider interparticle spacings than DQT structure. Selected area diffraction analysis revealed that the carbides were predominantly Cr^C* type. Similar observations on carbide shape and distribution have been made in an earlier work 111 on AISI 403 steel.
Tensile and Impact Properties
The results of tensile tests (Table II) show that DQT treatment employed has not altered the strength of QT structure significantly. However, there is a significant improvement in elongation values measured in terms of total elongation. Work hardening exponent (n) determined from the true stress (σ) versus true strain (ε) data using a relationship of the form σ = Κε" is also shown in Table Π . Similar general trends in tensile properties have been noticed in an earlier work on employing a double austenitising and tempering treatment 121. The value of η is higher for DQT material. It may be noted here that, though there are no significant changes in strength values, the work hardening exponent and elongation values show significant improvement. This is presumably due to the presence of finer grain structure and favourable size and distribution of carbide particles in DQT material. The implications of higher η and ductility values on fracture toughness will be discussed later. Impact energies of QT and DQT material as a function of temperature are shown in Fig. 3 . The '41 Joule' energy was considered to determine the DBTT. The dramatic improvement of toughness as indicated by a decrease in DBTT and increase in upper shelf by employing DQT treatment is apparent. The fractographs of impact tested samples of QT structures show a mixed mode failure comprising mainly a quasicleavage with intergranular cracking (IG) as shown in Figs. 4(a) and 4(b) . However, DQT samples exhibit a much lower population of IG cracking compared to QT structure. In the upper shelf regime, both QT and DQT materials fail essentially by ductile rupture (dimple) which is the end result of nucleation, growth and coalescence of microvoids (Fig. 5) . It is pertinent, however, to note here the differences in the size and appearance of the dimples in these two cases -smaller and shallower in QT material ( Fig. 5(a) ) compared to that in DQT material (Fig. 5(b) ). Hobsons and Macpherson 111 have also reported improvement in room temperature impact toughness value of AISI 403 after a double austenitising treatment which is in agreement with the above results. 
TEMPERATURE,°C
The variation of impact energy with testing temperatures for QT and DQT materials. 
Fatigue and Fracture Behaviour
Fatigue Crack Propagation
The results of the fatigue crack propagation tests are presented in Figs. 6 and 7, as plots of fatigue crack growth rate (FCGR), da/dN, versus stress intensity range, ΔΚ. Fig. 6 shows a plot of da/dN as a function of ΔΚ for QT material of thickness 25 mm. In the stress intensity range studied the FCGR data exhibit a bilinear form with a transition in the vicinity of 10-15 MPaVm. The fitted straight line through the data points corresponding to higher ΔΚ values yielded a relation of the form where (da/dN) is in mm/cycle and ΔΚ is in MPaVm. The crack growth data obtained on 12.5 mm and 50 mm thick samples are superimposed on the same log (da/dN) vs log (ΔΚ) plot of Fig. 6 . It is seen that the crack growth rates are strikingly similar for all the thicknesses corresponding to the straight line portion of higher ΔΚ values and there is no effect of thickness on propagation rate. This regime of FCG is usually referred to as stage II or Paris regime UM. The observed effect of thickness on stage FCG behaviour is consistent with numerous other observations made earlier/15,16/.
The FCG behaviour of QT material has been compared with that of DQT material, over a wide ΔΚ range in Fig. 7 . It is seen that in the ΔΚ regime studied, DQT material also shows two linear portions separated by a transition region. Further, it is also seen that at higher As a large variation has been observed in the size of the facets for the two microstructures, the facet size could not be correlated unambiguously with the microstructural features like packet size or austenite grain size. But in general, the facet size was smaller for DQT microstructure. A smaller facet size generally suggests lesser deviation of crack from primary plane and consequently a larger growth rate compared to a microstructure that is coarser. The fracture surface of QT material appears to be more irregular in appearance compared to that of DQT material suggesting greater deviation of crack out of primary fracture plane ( Fig.  9(a) ). The QT structure, therefore, in this sense possesses more resistance to fatigue crack propagation compared to DQT structure and should have a higher threshold value (ΔΚλ). A linear extrapolation of log (da/dN) vs log (ΔΚ) of stage I to a growth rate below 10" 7 mm/cycle yields ΔΚ* value of 10 to 12 MPaVm and 6 to 7 MPaVm for QT and DQT materials respectively. This interpretation is supported by an observation of Ritchie /18/ on FCG behaviour of a low alloy carbon steel in quenched and tempered condition with two different austenite grain sizes. It was observed that while grain size had no effect on stage Π FCG, stage I growth was higher for smaller grain size. In contrast to this, fracture behaviour of DQT material, as indicated earlier, is systematic and devoid of catastrophic failure for the thicknesses studied. Besides DQT treatment has improved toughness of the end fitting material considerably. A detailed fractographic investigation revealed that, while a mixed mode of failure involving both intergranular as well as microvoid coalescence (MVC) was associated with fracture of QT structure, the DQT material failed essentially in a ductile maimer by MVC (Fig. 12) . Here again, a difference in the size and appearance of dimples is noted between QT and DQT material.
It is clear from the results presented above that DQT treatment has brought about a qualitative improvement in mechanical properties -ductility, work hardening and toughness (impact as well as fracture toughness). The appreciable improvement in toughness can be explained by noting the microstructural modifications resulting from DQT treatment, namely grain size refinement and change in carbide morphology. There are indications in literature that grain size plays a significant role with regard to influencing mechanical properties, particularly strength and fracture toughness of steels /9-11/. However, it is not apparent from this work which is the fracture controlling microstructural dimension. In this work the usual increase in strength with decrease in grain size has not been seen 111. It is possible that coarsening of carbides in DQT material offsets the strengthening effect due to grain size refinement. It has been reported that variation of tempering temperature (which changes carbide shape, size and morphology) has a much larger effect on toughness than on strength /27/. The role of carbides in influencing fracture morphology and fracture toughness has been studied in great detail and is well understood 121-321. In general large and well separated carbides have been found to enhance toughness while small and closely spaced plate shaped carbides are detrimental for ductility and toughness. Further, plate shaped carbides, in quenched and tempered steels, when present at lath and packet boundaries lead to a low energy fracture induced by intercrystalline cracking /32,33/. The intercrystalline fracture mode disappears when carbides assume a spherical shape 1321.
As regards the influence of work hardening and ductility, it has been seen that an increase in work hardening and ductility in general enhances toughness. The well known relationship of Hahn and Rosenfield /34/ relates fracture toughness with work hardening and ductility and predicts an increase in toughness with increasing values of work hardening and ductility.
The trend of the results is in agreement with the earlier published research work 121-31/. The observed large and well separated dimples in DQT material are indicative of larger initial carbide size with greater interparticle separation. These factors allow accumulation of larger strain and hence higher energy to be absorbed during the initiation and growth of microvoids as involved in ductile fracture. The plate type carbides as in QT material on the other hand may either break or produce crack at an early stage of deformation which will result in a marked reduction of toughness and ductility. A further reduction in toughness may result when these carbides are located at different boundaries of quenched and tempered structure which provide a path for preferred crack propagation at lower energy.
SUMMARY AND CONCLUSIONS
To our knowledge this work appears to be the first major attempt to study the influence of microstructures and thickness on fatigue crack growth and fracture behaviour of AISI403 at room temperature. The results of this study have adequately fulfilled the primary objectives, namely improvements of toughness and characterisation of fatigue and fracture behaviour. This investigation has also shown that, while carbide shape and size strongly influence the fracture behaviour in monotonic loading, the grain size controls fracture behaviour under cyclic loading. However, further work is needed to establish quantitatively the effect of grain size and carbide shape, size and distribution on fracture toughness in order to identify and thereby to reduce the scatter observed. The following conclusions can be drawn from the results of this investigation:
(i) Microstructure has a strong influence on near threshold fatigue crack growth. Refining the microstructure by employing DQT treatment lowers ΔΚ Λ and enhances stage I crack growth rate. (ii) Stage II crack growth is virtually insensitive to microstructure and independent to thickness. (iii) Large scatter in room temperature J integral value and its thickness dependence in QT structure stems from the fact that test temperature is in the vicinity of DBTT.
(iv) DQT treatment brings about significant changes in fracture behaviour by modifying the microstructure of QT material. A change from plate type of carbines in QT material to a carbide of lower aspect ratio in DQT material appears to be responsible for toughness improvement.
